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‘J’hc usc of airbags to a(lcnuatc  the illl~l;l~{  Lul 1112
larding  on Mars is dcsclibed, ~vit}l ctII~I)I:I~Is 0 1 1
simulation of ]ts coIIIplcx  dyllarnics.  A SIIIII)IIIIC  I l.)w-

or(tcr  irr)pac(  sirnlllat  ion model is (kw JIF:,:I,  \\lILII

cap[urcs  t h e  global  dynanlics  a t  ttlc CXI*;II..C of
ncglcding ]ocalizcd  effects. Dctai]s  of tlw ]llo ici ttl[~
concci)l  arc giver!, a l o n g  with ]csuits  of s,~~ 1 al
sim(~lations.  Many dcvclopmcntal  aid fli~,ltl. lik( [,.<[s
\vcrc  also Pcrforlucd  to evaluate pcrfol  IIVI(lLC  {,( l~w
airhag sys(m and to verify the analysis Rcwll\ {If I)IC
tc.s(s  arc discussed. For most pariirl)cl(.1  i, [:( ~hj
correlation is obtained Mwccn results of aII:{ljsJ..  :IIKI
tests.

1. Introduction:

The use of ailbags  to soilen  the inlpact  d\lI  ill}:  (oll:si+)ll
is not new. Aside from their present d:lj 1 }W J 11 C: I t >
and  t rucks  to  probxl their passcrqlers  a( tirl](.,  (If
collision, (hc concept was proposed for uw ill siu  c 1 ~1
the pioneering work of Ross and Iayman  thirtj  } :J.!s
ago, [1]. In that reference, the aull~ors SIW ~ic(i
dcsigllcd,  fabricated, and tested a prot(ltjix illfi  III. (!
spherical-shaped “inlpact  iimitcr” for a ttlissioll  :\lIII
was to deliver a iander on Mars. ‘1’}]( miwon w,i<
never built, and the concept never adv:~l~ccd k! WI(I
(hc pro[ot.ypc,  until recently, when the NASA h 1:+ t ~
Pathfinder mission bccmnc a reality.

III addition to dciivcring  a number of M i( I ICC
instmncnts to the surface of Mars, the P,j[ t I fI I dt(
mission is intended to demonstrate kc) 10}) c ()!,1
tcchnoiogics  for use in future scicncc Illi$si(lll$  lo

Mars. .Mnong Ilw.c tcchl]o]ogies  is the landing system,
U]knll clltcrir]g  tllc M3rliarl atrnosphcrc  at about 7000
llL!sCC, the simcccfaf[  u ill deploy a series of breaking
clcticcs  (pa! acliutes  al)d solid rockets) to slow do}vn its
spccci 10 ICSS than 20 ni/scc as it impacts lvi(ll  the
M;~tllail  gr(lL]n(i. ‘[’o cusl~iml  the science instrllrllcrlls
fro!ll tlic iandillp,  illlJx,ct,  aII ailbag  systcm is inflated to
SUI ImItIci  the Iall(icr  fipi)~oxinlatc]y  five seconds before
it]llwl After utul(iide bounces, the lander/airbags
cor]tcs IO rtst, tlw ai]ha~s  arc deflated and retracted,
and tltc landet  c)imis ui} its petals to allow a microrovcr
(o twg,il[  cxplm;ltiosl,  i ‘i~,, (1),  Of interest here, is the
illliwt altcf lan(ling j)l Iasc, ]n tilis  paiw, w focus on
lhc Ill(lhodoiogy uwi 10 simulate the. nonlinear
dyw~lliics of iandcr/ai  IIWS ]alldi ng impact, and how
t h i s  sirtiulalion collcla[cs  wiih dcvclopmcn(al  a n d
fligllt-like kws.

2. I,andcr/Airb;~g, Design ~onccpt:

‘i’he lan(icr is 330 kg, tcwahcdral-shaped, Fig. (l),
consisl itlp. of four deployable petals,  onc on each face of
\ iic ICI] allcdron. A nlicrorovcr  and science instruments
:Irc Hloutlted on the iri<ide of the petals, Four airbags
are tctllclc.d  to the out~idc  of the four pctais  by kcviar
tendoils. Each of the four airbags consists of six
sidmical-shaircd  lobes }~hich  are merged  togct}lcr  to
Ic,rrr, a sil]gic  largel voiullwj  I:ig. (2a). Tethering of
:t typical ai rbag to its petal is accomplished by a set of
cxm IIal tcndom (dclttcd  in Fig. 2b) that follow the
\ Hllejx  bc[wcxm  the six icks, and a set of inicrnal
tclldorls  tkrt tic (he cu$il  points  on the airbags to six
}iard  ]wi]i[s 011 each pc[al lntcinai  movement of the
i~ressurization gas bct~~wn airbags is allowed directly
t~:twc<n the botton]  airbag, and each of the side airbags
[Ill ou{:h O.SV1’  Orifices, tlut is not aliowed  direct
.t)lllll\Llllicfitio]~  between side airbags.

“This work waspcrformcdat the Jct Propulsic,l\  1 iit)..~iit(]l) [’aliku nia Institulc of ‘i cchno]ogy,  under contract
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I’hc dynamics of airtrag impact  a(Ic-l)LrI(loII  s, s[c II

described above begins with the itiftat(:d  al] i,,l~. [ IViI  I I
(cndons  taut) rccc’ii’ing  the initial  ]alldill[’  il]!J~:l  ( It W
upon contact with ground. I’lICII  (lurillp, ;i [( ‘;i[l\cl\
complex dcforlllation  pattern of (hc i]~fl,~(c(i  ))li):lp,.
g a s  conlprcssion  and movcmrml  lxtwwI i ~i I I t m{.
through IIIC venting orifices, and sla(kit~{: L)( MIII; (I

the ini(ially  iaut  tcndous,  the loads al~: ai(clltut  ,:d all i
tra[lsfcrred  to the relatively rigid tcIHalwdl,1 10 II: ICI

Upon contacting ground, the airbap, Sk III is (iciiyrl.  J h I

transfer all of Ihc impact load to tllc (o:ii:Ilwi
pressurized gas and the tendons. I]y vi) [UC c)( I), ~ ~,;ts’.
much ligl~lcr  weight over the wcig,ill (d skt  I I ;iII(!
tendons, i( is a nlorc ctTcicnt cnc[gy a[mtiwt,  ti!i(l  i
thcrcforc relied upon to tlansfcr  alMl atl( IIU: IC Ili(
majority  oflhc impact  energy. This is II IadC Iws blc bj
using ‘ tclldon Ina(cria]s  and  sk in  lahi ic~ III I{ aTt

trlniosl  incxtcnsiblc. D u r i n g  iln)mcl,  tlw y,a 5
con~prcssion, healing, a n d  mOVCmCIII  IIII~~iIII  II thc
orifices act as mcclmnisms  for cnctgy  I r,)ll~(L i :, ffcll
as for cncigy al(cnuation. Furlhcr  CIKVKS Ir,i IIs[. J :~~ld
attcnua(ion  is contritmrtcd  by the  tell(kul~  ;lltd  sl, IIl
Dcforc impac(, (]1C UndCfOtnlCd  confi{),t~t;i[i{ll[  .:,f {Iw
inflated airtrags  is designed such that.  I}IC }Illl:ition
pressure keeps the tendons taut, as CVCIIIS  al Io..sil)lc,

hrring  in]pact,  the skin and tcndon~  ill the \ it-ilit}  of
ground contact a[ca become slack, tl~( l(,,ttd< :! rc
rcdis(ributcd,  and support of ttrc inclcawd  ~,,~~ ]M( SSOIC
in the dcforlticd  contigurat  ion is provided b} i ~ ~cl c:)wi
tension in the remaining skin and tcJKIolm.  J ] I; IIOII
bctwccn  lhc airbags and Martian grotillcl  is a J(; i y
important energy at(cnuation  nlcchallii[tl,  csiw. it~lly
when landing occurs at non-vertical an@e of alla, k (Ill
a rrxky terrain. I’bus, in addition to [lwit  hl~:h
nmcfIIlus  of elasticity, the tendons and cxtct  iw (J \lic
skin must have high abrasion and puncimc )VS)SI IrI, c.

These  rcquircmcnts  arc satisfied try a Illlll[ia!cl

composite ski n fabric.

I 3. lrnpact Simulation Modcl:

When simulating the airbag impact dyil’] 1 [Ii(s, O] i r i<
tempted to construct a high fidelity Iargc dcf(u Ilw!io]l
finilc clement model that  includes detailed f.c(m ,I;t t y
and properties of the lander and airbag Icrdolls,  skill

fabrics, and gas systcm. In facl  this approach Mi+s fi I si

attcnlptcd using thousands of elastic  dc{:l{:c. (d
freedom in nonlinear finite clcmcnt code~. I]U[ w l~i[(

this type of dc(ailcd  nmdcl could be useful fm aw:s~il]~
the Iocalim.d  stresses in the tendons and skill,  ~t )I;i:i
the drawback of requiring cnomous t i nlc {(n(i
cornput i ng rcsourcm to obtain useful rwu)l~. 111
addition, numerical ccmditioning  problmls  SCCII  id t ( I

~,Iow with tht mmkr of dcgrccs  of freedom in the
Ill(rciel 3’bus, to Ccullplclncnt the above ctTort, a
silllpllt_[ccl  jlmclcl Mas ctca(cd  to capture the global
illlpac(  dynanlics  of tllc systcm with good fidelity but
IOM” c,~lnputin~,  rcsourcrs. ‘f’o this end, a highIy
rcduccd 30 dc~rccs  of flccdom nmdcl was constructed
uqitlg  the Aul(mmtic Dynamic Analysis Mcchanica]
Swtc]llf  (A[JAN4S) soft~varc. The nmdcling
pr i I Ili( i \cs in Al JAMS pl ovide  various ways to connect
ally c(dlcclicm of li[:ici  bodies by various types of
joilds, forces and pressure syslems  that may be defined
by a \+iclc rangy 0[ Iilatlic]natical  expressions and
wit  iablcs.  A lilnitcd nurnba of the traditional onc-
di~l~cnsional flexible clctIwnts  such as rods, bcanls, and
spI irig/d:lshpoi\  arc also mwilablc, Matrix and/or
ni;I(I  ixldifltreil(ial  Cc]uatim]s can be part of the nmctcl,
As dis.wsscd subscquclitty,  these capabilities proved
useful ill nmclclillg  llIc gas flow among airtrags. To a
lat g,c dcglct, ftcxibilitics  and nonlincaritics  in the
systcm  arc moclclcd by futlc(iollal  expressions of forces
and pressures., find to d lesser dcgrcc by tinitc clcmcnts,

“1’hc 30 ctcglcc of frec4k~nl  ]mdcl consists of onc ccutral
rigid body rcpmcniillg  tlw Erlidcr \vi[h six degrees of
frcixkml,  surroul)dcd  by four rigid bodies each having
six ctcgt cc% of ftccdo]li  to rc~mcscnt  each of the airtrags.
‘1’hc  Icltfihcdlal  lan(icr  i s defined geometrically by
twelve l[~aikc.rs,  F’ig (3), to which tendons of all four
airbags  arc collrlcclcd ltach  of the four airbags is
about 1-/.5  kg , arid is g,comctrically  defined by eleven
matkcrs OIIC a( the ccwtcr of each of the six lobes
(labeled  “A” in Fig 2a), four rnarkcrs  at the cusp points
(Iabcl(tl  “D” ill Fig ~b) to which the tendons join
togc{lm,  and onc mrkcr at the gcmnctric ccntcr of
each ba~ , to which tlw nms  and incrlia proper(ics  of a
bag is rcficrcllccd Markcls located on the same rigid
ttiy move togclher  J igidly, while oJlcs located  on
diflivtmt rigid bodies deform relative to each other
dcpcllclillg  on the. syslcru  of forces, constraints, and
flexible connections that join thcrn, in this context,
Ihc six s~hcric~l lobes bc]ollging  to the same airbag do
ltot dcforjll  rclatiw to c+ich other, but deform relative to
o(hcr  k&s in the s]’slelil.

Ikforc ijl)pacl, the illflatcd systcm of airbags is in a
state of (Iuasi-static  equilibrium, in whie}l  the inflation
IJtessurc  is supported by tlw airbag skin being tightly
tcthctcd  to faces of (he tetrahedral lander by a systcm  of
tendolis. The airbag skin itself is not modeled
explicitly, bul is subslilutcd  by the pressure forces
uithi]l  This is siniulatcd  by a combination of (a)
rwrltant  ])1 cssure forc<s acli ng outward at the ccntcr of
each of the 24 lobes, (b) Icsultant  pressure forces
acting  irmard and normal  to the faces of the tetrahedral



lander, (c) pairs of bag-to-bag lMCSSUI( ILW,lI i[lts
applied at contacting lobes of difIctrld aitl),~,~ ill
directions normal 10 the contact surfaces, aIId ((;) a
SC( of self-cquilibrat i ng tendon forces.

13y definition, each tendon joining malkcm r ;IIIti  .~

can ics tension form only, 1’(1),, , tl]c llia~’,llilild  0(
which is a function of the instanlarmLw  < liallfy  lti
lCllfilh  (/(l)r~ - 10) from thC unshesscd  Slil((’

P;, =M(- 1+ 1,’ /l. ) , 1,, >10 ,

= 0 olhcrwisc (1)

On the other hand, the pressure rcsultai  II \ al t fu I KI ioi}
of the instantaneous contact surface- alc:is ;111(1
inslnntancous  pressure, both of whic]i a]c (icl i~c(!  f 1 \Ii]I
local gas nlovcmcn{  and changes in {:colimir~. I’hlls,
i f  /)(1)”  aIld  p((). i s  t h e  inslantancoll~  prcssu  c:, ill

airbags m and n (each of which have sit lot K S) , iIIId
du (f) is the insianlancous  distance betit cc], tlI: c, JIII.IS

of lobes i and j“ , which belong to aillm~< /tI : [Id I) ,
rcspcctivcly, then the contact force b( t N cc I 1 llt ~ I J*O
lobes is

Equation (2) idealizes the region of cmll:w[ I!, a
circular area defining the intersection bcIwtcJ!  [WC)
overlapping spherical lobes with radius R

All four airbags start initially with equal irlfl:it~oft
pressures before impact. Subsequent pIcssuIc clIJIIy,cs
dLlring  impact arc duc to gas flow throu{’,11  the ill!c[ IIHI
oriticcs bdwccn bags, and due to volurllc  cli:trq.cs  as
the bags arc deformed. The gas is assuu icd Iwrfc,  I. I k

flow through the venting orifices call t~ W]I IC 01
subsonic, dc~mdirrg upon the ratio of the \,~C\jurcs
downstreanl  and upsmxrm. For  SUbSOIIIC flov.,  I}IC
rate of mass of gas flowing through the o] i flee Iwl ,+ucn
airbags m and n is [2] :

dnlm Id = M,}j[(] lGT)(2y /(y - 1))(}: I )’#)’” ‘)

x ((P” / }j)o-’)” - 1)]0’ (:11

where: }; = initial p?cssurc,  };= upslrcaltl  Iuu.s\~Ic,

1:=  downstream pressure, A, = vcmti]l~  orifiw ,aII:H,
y = specific heat ratio, G = gas constant, A ‘- o: Ii [CC

coefficient (Rcf [3]), and 7 = gas tenplahl~u

Silililarly, fol sonic flow:

dt)lw /rfl = k4,}j[(l  / G7’)(2y  /(y + I))(@+’)’(’-’))
> (,; ,,; )(?41Y,  ]O{ (4)

lnlc~,la[ioli  of tllfcc  llo]lli]lcar  equations as indicated by
(3) 01 (4) fo~ t}lc gas flow bctwccn  bags ( 1,2) , (1,3) ,
and (1,4) is done nu]lm imlly at each discrete time
po~IIl irl the sinmlation  to calculate the mass of gas
tla]ls(cticd  bctwccII airbags. Assuming CO1lStaIU
dcrtsity,  this is then uwd to cornputc  the change in
vo]lirllc  AV (f), in each airbag  duc to gas flow.

in addition to p,as flow, volumetric changes
Al’(i),,  result fro],,  c(uslling  of the botton~ airbag as it
contircls  ground, and from the side airbags being
squccz,c~i  againsl  C:ICII other, As two spherical-shaped
lobes ; and  j bcloIIgIIIg  to two different airtrags  arc

COIIIINCWX!  to~:clhct to a  ccntcr-to-ccntcr  dkancc
(/(/),,  a volunic charlgc in each lobe is idcalimt  by

(lie loss of tllc over la jlJ)illg  volume of two spheres of
radius R

(Al;), z (n/3)(R  -  dU/?)’(21t+dU  /2), R>du12
:  0  Olhcrw’iw (5)

Sin\ilal  ly, when lobe i is compressed against ground
dul iil~ impact, tlic  cha IIp,c in volume of this lobe is:

(Al~),  = (m/3)  (N- d,, )1(2//+ dk), A > d,,

= O otherwise (6)

v’ht’rc  d(i),f is the distance between the center of lobe

i and gloulld,  along the llorn~al  to ground, The total
change irl volwrc for ailh~g  m is simply the sum from
all of ttm aforctncntioilcd  ctTects:

The corlcslxmdillg  prtssurc  is found from:

l:(f) = ):[VO /(Jzo - Al’-(t))]’ (8)

I.alldiap.  is simulated by nlonitcwing  all 24 dislanct-to-
ground  landing VCCIOIS ~(l)j~ i = 1,...,24 as function

of till)c, Uach vectol is directed along the normal to
grourld betwem  the ccaict  of each of the 24 lobes and
ground If the lcnglh  of one (or more) of the
]Iorlruils  d(l),g  bcconms  ICSS than the lobe radius R,



lhcn that lobe(s) has contacted gloutlcl /J1 ~.,)lict

time, COI~IpOIICn(S  of ground rcactioll A!(J’),,,  , 1((/ ),,, i I

dilcclions  nornml a n d  palallcl  10 I:i~MIL  I, al.
immediately applic.d (0 tllC 10bC(S)  ill tI.)lIla  ( jii[~
ground. The magnitude of the COIII~K~IICIII.  (If ;: 1,1, IIH
reaction dc~ld  o n  t h e  instatl(almus  ({,i[(i)i,llj

sutfacc area, instantaneous airbag  prcssm(  (Iifl{ rclll.i8

~’([),, and the meffkicnl  of grould  fllciioil

1/,,1 = 1; xAig

R,, =. R,e xfriction ccw~. , ())

Conlaci area, and~i z R- d,, i s  llw cul[(s~~rl(illlf

stroke.

4. Drop’ 1’csts:

Acor))l>rcllcllsivc tcs[prograri~  \\ascar~ic(lt~Lif  frtw,l[t(c
initial design phase to the final quali(~ca[i(lll <If lIIC
fligld  airbag landing systcm. ‘I’woscrics  oftll:s(  lt~{$,
hcreaflcr rcfcrre,d  to as .38 scale  and fligjd  S) SICII,  dIUjI
tests, arc described next. Their objccti~,rs  W( I-C I o
( a )  cslablish  corrchrtion  bclwccn  the analysis  ;IIII ILSt
rcsul (s, (b) evaluate the aitbag  ~wtf(lrn)tlllt$: a~ a
func[ion  of a nurtlber of design pararltclcls,  aIId  (c)
v e r i f y  survi~’ability  o f  the  dcsigll itl a ~C, ,Il,,i, c
simulation of the Martian conditions.

A, .38 Scale Tests: T h i s  ScriCs  c)f I[sll  w(te
dcvclopmcntal  in nature and cn~phasiu-(1  the fi Is{ I M o

objectives. A number of deviations fronl tlw c:i}>.~i<d
design conditions were inlplcmcntcd  for case oft{ di !lF,
and to allow greater control OVCr  test para]llc(crs 1 or

example, the airbagilandcr  systcm was sirl~ulzl(cd  b) a
0.38 sale nmdcl that preserved most of t}lc  aIil itws of
the full scale design [2], with the 0.38 riilio  bc}II/ IIIC
ratio bdwccn Mars and 13arth gravity. ‘!,1(  1,<1
importantly, rather than dropping the ~irl)a~)Oz  I I(L; t
model to ground, the model was kept slat io]lat  y aIl ,j ii Y)
appropriately scaled mass of 27.66 k~ inqmc(  ~Ja{c
(representing ground) was accelerated to hi(  IIK aiIIKI)I,S
at a prescribed angle. Several tcsl  Pariritlclcis  JI,c{c
Varied that included  the magnitude and or it-l II al io I ~.)f
the impact velocity, ven t ing  schcmc  ritd si ?/” [ }f
venting orifices between airbags. ~’hesc p; II(+IIII Ic,s
have considerable influence on the landing djlmllli:s
and degree of impact attenuation. TCSI ijlca~t)lc  lII,,IIT<
included the vc]wit y at irnpct,  displaceJilcn[  SLI  oL(:  O!
the impacted airbag, pressure and tenqwr,ilut  c III O! II[. s

of all  airbags,  accclcfalion  profile of the inlpacting
pla(r, altd the forces in sclcctcd tendons,

B. Flixht  Systcm  Droll “1’csts: I’hesc tests simulate
t h e  Niar(i:in  laricjifl~ cond i t i ons  of thc flJl]  sca]c
ai~tmg.ilalldcj Sysk’1[1. lo t h i s  e n d ,  ~rcrifying
SUI ~iv;lhility  of tlkc  dcsigil and its performance was of
plililaly  importance, especially for the airbag skin
dcsi{:tl (trladdcr  and fabric). Results of these tests arc
intcrldrd  to guide furlllcr design rrmdifications  and
sutuwqllcnt  testing, Rclyillg completely on ksts  to
\’~~if’}  IIIC irltc~,rity  c)f tllc airhrg skin was a result of the
abscncc of credible and practical analytical tools that
call prcdici sdlcsses  tlwrc to a rcascmablc  accuracy .
‘1’llis is SO, parily bccallsc of the numerical difticultics
disrusscd  ill .%cliorl 1, and lnostly bccausc  the aclual
lalldilq:  corlditiorls  or] Mars surface, will rnos[ likely
cncouritcr  a rocky tc]rairl, S~Kcific  contiguratiorls  of
thC JOCkS - such as si~c, dis[ributior~,  and sharpness -
w’ill to a large Cxlcrlt dctcJlllinc  the local  maxirnutn
stresses in tllc  skill.  Suclt intlrmation  is lacking in a
dctcrrnil[istic  SCI)SC,  t h e r e b y  n)aking analytical
prcdictiotis  of design s[rcsscs  in the airbag  skin
illlpracl  ical,

l’hc tmt cordiguratioJl, Fig (4), consisted of the
protol}~~  airbaf; syslcI)I attached in flight like fashion
to a full scale cngirlccling  model of the lander. ~’hc
airlxtgs  were instrullwiltcd  with thermocouples and
pressure tran.sduccrs  to rllcasurc  airbag  thermodynamic
pcrforl)uince  paratllctc!s.  in addition, a sclccled  set of
tcrrdorls  conl)cc{irig c~rlc of the aid-rags to the Iandcr
were instrumcnlcd  with inlinc load cells to measure the
tcndorl  forces, and the lar~dcr was instrumented with
accclcror[lctcrs  to record its six degrees of freedom rigid
body ki I Icnlat ics throLlghout the tests. All data was
recorded on a porlablc  acquisition systcm mounted
inside tllc movitig  landct.  The combined airbag/lander
assclllldy was suspcl~dcd from the top of the
cnvirorllllcnta]  test chamtreJ,  then allowed to drop onto
either a horizontal surfticc  or a platform inclined  60”
with a sirllulated rock field, The 60” incline simulates
Ihc dcsigll lalldijig  cniditicm  of 30° with respect to the
h9arlian  surface, and t}lc rock field simulates the actual
Martian s~lrfaw  lcrck distribution based on the Viking
]andcJ data, l’hc ratlge of velocity magnitude and
oJic.ntatioJl at impact used in these tests were guided by
:+ r~cnt  study [4], in wl,ich Mol\tc  Carlo sirllu]atiorls  of
I he crltirc  Scqucmc  of cnlry, descent, and landing was
l~sed  to dctcrrnirlc  probability distributions for the
tcrmi IM1 larlding  velocity and orientation of the
a i rbagfl  a I Iclcr .q’stern l’iftccn drop tests were
perfol mcd undc] various combination of conditions,



wherein the impacl  velocity ranged fron] 1 S II U’S 1 ) 1’ x
n~/s at either horizcmlal or 60” incline, LI)C IL~’k \~/{. <
were either O (no rocks), 0.3 m, or 0.5 nl, all(i II(: illltl~ll
inflalion  pressure in the airbags  was scl [II \lil Ii. s
bctwccn  0.89 and 1.5 psia A l l  te.sls  took pla ( lit
anlbicn( chmbcr  p r e s s u r e  of approxillrdcl)  5 101.
Martian surface ambient condition.

S. .4niilysis  and Test Results:

Prcdicling  the worst case landing Ccrl]rti[ioll<  aIId }1 II{
these affect design of the scicncc  insllunwni~  oII-lwId
is of primary imporiancc. For this puljmsc, l,(ii~i ], ,Ll
simulations \vcrc  cmicd  out with various  co]ihili  II IL~II
of design paranlctcr  values such as ]Iill[:fl  H IIIJ[:
pressure, writing orifice areas, inlpacl \’(’!l:~lly

magnitude and direction, as WCII as aSSUlll C.d \ iilu s f~!i
damping - both interital  in the sys(cm  and CY[C[ I) II m
the sys(cm  (clue 10 friction bctwccn  1})( al lbii~’. 1,11.,1 ic
and Martian ground). Furlhcrnmrc,  stflc{  (lie
simulation model contains many idcali~;lti~ll~~,  II ~s
important 10 validate the simulation aj)~)rt}:l:.11  and
a s s u m p t i o n s  b y  conlparison  with sclc([cd  IL SI
conditions. 3’his  was done first  by sinmla~ill[:  tlII:  38

scale test configuration discussed in Scdiou 4A and
subsequently by silnulating  the flight s)s!c[))  [Iloj) [~ <t
of Section 411.

A. .38 Scale Correlation: Two rcp]csclwlw I:aws
arc selected here from among several ones uw .j fw
analysis - test correlation. In the firw t-,tsc,  tlIc t).lti.t~ll
airbag was flatly  impacted by the plate af 13,5 itts,  III
the second case the lander was rotated 70$’ Y, i I ifi~
impact (at -15.0 nds velocity) occurs at IIltw IcJrs
belonging 10 three different airbag,s  ihat sh trt a
common tetrahedral vertex. This  is  rclcrl(d  I.O as

oblique impact. Tables 1 and 2 COIIIJMII.  Illc
analjlically predicted steady state and peak I CS}OIIWS

W; th t hci r corrcspmd  i ng test values fol t hc i vw cii ws
above. Comparison betwrxn time hisk]r ics 1~ f\ I! i IICI

illustrated for the first case (flat impact) ill fIF,s (f.(l)
for the accclcrat  ion and pressure time IIislof.v  f. m t hc
impacted airbag, and in Fig (7) for l,JcssIIIt  tllim
hiskrry  in a typical side airbag. I 10111 i l l )  Ccf WS

considered, including those in Tables  1,2, tlic ]~:,~k
accclcration,  airbag pressure, a n d  [lIC stcwly  si:ile

tendon loads agree quite well (within 5(X), f! h) IC the

rebound velocity of the impact plate arid IIM: :ir ktg
deformation (stroke) compare less favorably (< ?0%).
The peak dynamic tendon loads showed the h:.;ts[
agrccmcnt  (-200°/0) -  w i t h  the :*ltalysis tx. i ng

cons cr\ralivc. ~’his III:+y bc cxpeckd,  since the highly
conll]lialll  airba~  skill  at tlic  junction of a group of
LCIICIOILS  was not ll~(dclcd  elastically (nmdclcd as

~’able 1:.38 Scale Ilotio]ll  Airbag  In~pact  ~orrclation

. . . . . . . ..- .. —-—  .-. —---- . . .-. ..—
Response-—.. . . . ..—

tie!O:ity ~r!ds):iri~,;Gt/~ eiOIJ;d’ ‘ =

[’eak A(..celeralion (g)

Stroke (m)

Pressure (F’1 ,kPa):lnitial/F’eak

F’reswe  (F’2-P4,kF’a)’1nitid/[ ’eak

1 endcm Fc,rc@ (F 1,N):lnitml/F’eak

Iend.cm Fc,rc~ (F2,N)lnitiallPeak

Tendon F me (F4,N) klitial/F)eak
.— . . . . . . - —---- ,-. —- -- . . .—. —

Test
-13.517:1=

39

0.37

8.1 /11.0

8.119.2

400/520

3001450

400/480

Analysis.—— _..——
13.5 I 10.88

40.8

0,29

8.1 /11.4

8.119.05

540/1293

3081750

410/480

“1 al,lc 2:.38 Scale Oblique lnq)act  ~orrclation

—.. —..- .-—— — .-- —-.,.. . .. —-
Resporise..—.

Velcwty (r(b/s):ln~~cL/RekLlrd
t“eak Ac.cxkmtion ({I)

Str~:e (m)

Pressure (F’1 ,kF’a):lnitiat/F’eak

Pressure (F’2,kf’a):lnitiaW’eak

Pressure (F’3, F’4,kF’a):lnitialWeak

t endcm Fcmx (F 1,N):lnitiatlF’eak

I endcm Fcwx (F2,N):lnitiaUF’eak

1 endon Fcme (F4, N):lnitial/F’cak
,,. —...... -.. —--— .-. — ..——.

T e s t  –

“i4,9 I 8,8—

37

0.5

8.019.5

8.0110.0

8,0110.1

4GQ1451r

203/250

32OI1OOO

Analysis—.—
14.9112~

52

0.39

8,418.8

8.419.7

8.419.9

570 I 1250

310/800

430 I 2920

B. }’lik)lt Systcrn  ~ol’{clatiori:  Full scale lander/airbag
sysicII;”  in -flight ]ikc conditions were tested and
nullwric~lly  silllulatcd  foi landing on a flat smooth
suffaw (Pig 8) a~ld o]) IOcky inclined slopes (Fig 9).
Cotilpal  iscrn of analysis arid test results of two landing
cases 011 flat sulfate  are shown in Tables 3 and 4. In
l’able 3, the systcIn is dropped vertically so that it lands
upright on the bottom ai rbag at an impact velocity of 15
ntis, Irl Table 4, the system is dropped also vertically,
but is rotated such that it lands on one of the side
airbags  at an inlpaci velocity of 20 ntis.  Aside from the
impact speed, the ltmin  difl’crcnce  between the above
two caws is the vclitilig.  palh from the impacted airbag
to the o[hcf three airhngs.  Dirwt venting is allowcxl
only through three 01 ifms  betwecrr  the bottom airbag
and each of the side ones. No direct venting is allowed
betwcell side ail-bags. This inftucnces  how the airbag
prcssurt  and other rcspcmsc  parameters change during
inipact



r==’’’==”- ‘:--=- ““-Velocity (tis)lrnpac~~ebound

[

Peak Acceleration (g)

Stroke (m)

Pressure (P4,kPa):lnitial/Peak

Pressure (PI -P3,kPa):lnitial/Peak

Peak Tendon Force (F I ,N)

Peak Tendon Force (F2,N)

Peak Tendon Force (F3,N)

Peak Tendon Force (F4,N)

Peak Tendon Force (F5,N)

Peak Tendon Force (F6,N)
——

—.—.
Test

15. I 13.53

26.3

0.79

10.62/1341

10.62/120

2735

2556

3760
97<]

4276
8~Q

— . .  - . .

F- ‘-=E?Z3  ””””Response——. .— . . . .——. —.. ——. —.—
Veloc~~(m/s)hpact/Rebound ‘ p 9 x 3 1 1 7 1

lPeak Accelerakn  (g) I 36.25

I Stroke (m) 1.12

Pressure (PI ,kF’a):lnitial/Peak 10.43 I 17.!8

lPressure(P4,kPa):lnitial/Peak  I 1 0 4 3 / 1 5  IL

lPressure (P2-P3,kPa):lnitiallPeak  I 10,43 / 1338

. .
“’~,rlrrlysis

X)1161

1(14:1/ 1:+4:

10  4:1/ 1:1 0(
. . . . . .

An example of test rcsrdts  of airbar,  dlo~,!: (Ill ail
inclined rocky surface in Fig 9 is gi\’crl ill }’)/?,  10
Considering the geometric center of the ai I Iup]i it) :ICI

sys(cm,  Figs 10 (a, b, c) rcspcctitcly,  slto!t  t he
trajectory, velocity, and acceleration his[o)y duI III{: a
typical drop. This test was not simulated t}j  aII il)sis

duc to the randonl nature of rock lat,dilq;  al,i the
uncertainty in quantifying the cocffrcicld  of f] WI 1011
bc(wcca  the airbags  and the rocky field

6. (conclusions:

Airbag landing is a nonlinear contact problcvli  ‘1 tic
dynamic response is influcnccxi  in a relatively COIIIIICX
manner by a number of interacting, p:lr;tnl:(lls
Ideally, detailed mathematical structural tIKxicls  v itll

thousands of degrees of freedom arc coll~irllci  cd 10
capture details of the dynamic respw I.W. f’cv Illc
present problcm,  this approach was 110[  very  twnc  l’[t Ml.
lnstcxsd,  and at the expense of gross iIIartuIK(cs  ill
Iocalizcd response quantities such as stlcss<s, II,I(JI:II
dynamics of the airbag landing is capmtoj b} a
simplified 30 degrees of freedom sinlrrial,  ion ]I](d. 1, III

part,  this  is achieved by fillctiollal  representation of the
no]llitlc; lr rclntio]lslli])s bdwccn t h e problcm
palii]~ic[crs,  An cxaII@c  is the relationship bet}vccn
p:ilal~mtcrs  of the g,as dynamics and the structural
stifllwss  and dcfori(mtiml  of the airbag during impact,
Success of tlic a~jl)ro:wh is cvidcnccd  by the good
agtcclncllt  bctwccll  alwlysis and lest results.
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Fig 3: l’clrahcdral  L,andcr  Model
Fig 1: Mars Pathfinder Landing Cone-cj,I

Fig 2: Six-L&e Airbag Configtlrti[iol,.
(a) Six L&es,  (b) Tendons FIg 4: Flight PI ototypc Airbag/Lander  Systcrn
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F}g 8: Flight Prototj~K systcIII Landing on Flat Surface

F’ig 9: l’light  Prototy~ Systcm bnding  on  Rocky
Incline
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